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Individual mononegavirus genes terminate with a short cis-acting element, the gene-end (GE) signal, that directs
polyadenylation and termination and might also influence the efficiency of reinitiation at the next downstream gene. The
12–13 nucleotide (nt) GE signals of human respiratory syncytial virus (RSV) consist of a conserved pentanucleotide
(39-UCAAU, negative sense), followed by a 3-nt middle region that is AU-rich but otherwise not conserved, followed by a 4-
or 5-nt poly(U) region that is thought to generate the poly(A) tail of the encoded mRNA by reiterative copying. Most of the
naturally occurring differences in the GE signals of the various RSV genes occur in the “middle” and “poly(U)” regions. We
mutated a copy of the fusion protein (F) GE signal that was positioned at the end of the promoter-proximal gene of a
tricistronic minigenome and evaluated the effect of these mutations on RSV transcription in a plasmid-initiated, intracellular
assay. Mutations confirmed the importance of the middle region’s AU-rich nature and 3-nt length, and the poly(U) tract’s 4-nt
minimum functional length, with maximal termination efficiency observed at five U residues. Nt assignments other than U at
position 13 also affected the efficiency of termination, showing that this position is part of the functional 13-nt GE signal.
These results indicate that differences in nt assignments in the middle and poly(U) regions of the GE signal, which occur
frequently in nature, affect the efficiency of termination. Unexpectedly, the ability of certain mutations to inhibit termination
was completely dependent on coexpression of the M2-1 protein, and in many other cases the inhibitory effect of the mutation
was greatly enhanced in the presence of M2-1. Thus, M2-1 appears to have the effect of altering the polymerase such that
it ignores suboptimal GE signals. Interestingly, certain mutations that greatly decreased the efficiency of termination in the
absence of M2-1 did not have much effect on the expression of the second gene, implying that correct termination and/or
polyadenylation at the upstream gene is not obligatory for reinitiation at the next downstream gene. © 2001 Academic PressINTRODUCTION
Respiratory syncytial virus (RSV) is the most impor-
tant viral agent of pediatric respiratory tract disease
worldwide and is an important cause of disease in
immunocompromised individuals and the elderly
(Collins et al., 1996). RSV is a nonsegmented negative-
strand RNA virus in the order Mononegavirales, family
Paramyxoviridae, subfamily Pneumovirinae. The RSV
genome contains 10 genes that encode 11 proteins.
The virion has three envelope glycoproteins, the fusion
(F) protein, the glycoprotein (G), and the small hydro-
phobic (SH) protein. The nucleocapsid is composed of
the genomic RNA together with the nucleoprotein (N),
phosphoprotein (P), and large (L) protein. The M2-1
protein is a transcription factor (described below)
that presumably also is a component of the nucleo-
capsid. The encapsidated genome is the template
for both RNA replication, which occurs via a full-
length, encapsidated, positive-sense antigenome
1 To whom correspondence and reprint requests should be ad-
ressed. Fax: (312) 942-2808. E-mail: mpeeples@rush.edu.
295replicative intermediate, and transcription, which pro-
duces a series of mRNAs encoding the viral pro-
teins.
RSV transcription follows a linear start-stop-restart
mode (Dickens et al., 1984; Huang and Wertz, 1982; Kuo
et al., 1996), similar to other nonsegmented negative-
strand viruses (Lamb and Kolakofsky, 1996). The poly-
merase enters the encapsidated genomic RNA template
at a single site at or near the 39 terminus (Emerson, 1982;
Kuo et al., 1996). As it progresses along the genome, it
initiates transcription of each gene at the cis-acting gene
start (GS) signal and, following transcription of the gene,
terminates and polyadenylates the mRNA at another
cis-acting gene end (GE) signal (Collins et al., 1996).
Polyadenylation is thought to occur by polymerase stut-
tering on the poly(U) tract at the end of the GE sequence
(Schubert et al., 1980). Following polyadenylation and
release of the mRNA, some of the polymerase traverses
the intergenic (IG) region and reinitiates transcription at
the downstream GS. The remaining polymerase dissoci-
ates from the template (Fearns and Collins, 1999; Iverson
and Rose, 1981). This junction-specific attenuation of
transcription contributes to a polar gradient of gene ex-
0042-6822/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
c
v
a
(
1
p
(
1
G
c
a
s
p
v
t
o
f
t
c
s
p
t
a
s
o
t
1
s
t
o
d
t
t
a
r
a
i
o
s
w
l
t
1
d
s
j
H
o
i
e
t
c
m
n
t
s
l
m
M
m
B
B
c
q
i
o
s
i
f
s
a
G
s
t
t
s
t
c
m
c
t
s
R
R
q
t
f
a
2
b
l
296 SUTHERLAND, COLLINS, AND PEEPLESpression that decreases with increasing distance from
the 39 end.
The RSV GS signal is a 10-nt sequence that is highly
onserved from one gene to the next, with only one
ariation within strain A2, namely the GS for the L gene,
nd also is highly conserved among different RSV strains
Kuo et al., 1997). Because the GS is identical for most
genes, it would not be expected to play a role in modu-
lating gene expression, and indeed the L GS signal was
shown to be functionally indistinguishable from the con-
served version in a minigenome assay (Kuo et al., 1997).
The IG regions of the RSV strains sequenced to date vary
from 1 to 56 nt (Johnson and Collins, 1988). The different
naturally occurring RSV IG regions of strain A2 did not
appear to play a significant role in modulating transcrip-
tion based on studies with minigenomes (Kuo et al.,
996). Likewise, manipulation of an IG region in com-
lete recombinant virus had little effect on transcription
Bukreyev et al., 2000).
The remaining component of the gene junction, the
2–13 nt GE sequence, is not as highly conserved as the
S signal (Kuo et al., 1997) and thus is the most likely
andidate to be responsible for differences in expression
mong the various RSV gene junctions. Indeed, recent
tudies indicate that the differences in GE signals do
lay a role in modulating the relative expression of the
arious RSV genes by influencing the efficiency of mRNA
ermination (Hardy et al., 1999; Kuo et al., 1997).
The 194 amino acid M2-1 protein encoded by the first
pen reading frame of the M2 mRNA is a transcription
actor that has two effects. First, it confers processivity to
he transcribing polymerase, increasing its ability to
omplete the synthesis of mRNAs in a manner that
eems to be sequence-independent. This activity ap-
ears to be absolutely essential for sequential transcrip-
ion of the RSV genome (Collins et al., 1995, 1999; Fearns
nd Collins, 1999). In addition, it has a GE sequence-
pecific antitermination effect that reduces the efficiency
f termination at each GE signal and increases the syn-
hesis of readthrough (RTh) mRNAs (Fearns and Collins,
999; Hardy et al., 1999; Hardy and Wertz, 1998). The
ynthesis of RTh mRNAs during transcription is charac-
eristic of mononegaviruses and, in RSV-infected cells,
ccurs at a frequency that appears to vary among the
ifferent gene junctions and can range from barely de-
ectable (the SH/G and G/F junctions) to 10% or more of
ranscription (NS1/NS2 and NS2/N junctions) (Collins
nd Wertz, 1983; Kuo et al., 1996). The failure to terminate
esults in readthrough transcription across the IG region
nd the downstream gene to produce a RTh mRNA. An
ncrease in the production of RTh mRNAs at the expense
f separate mRNAs would have two effects: (1) expres-
ion of the protein from the immediate downstream gene
ould be reduced, since it will not be efficiently trans-
ated when present in the downstream position of a RTh
ranscript as compared to a separate mRNA (Kozak, s991); and (2) more polymerase molecules would be
elivered to downstream genes, since each RTh event
pares the polymerase from attenuation at that gene
unction (Fearns and Collins, 1999; Hardy et al., 1999;
ardy and Wertz, 1998).
In the present study, we performed mutational analysis
f a copy of the F GE signal attached to a marker gene
n a model tricistronic minigenome and assayed the
ffect on transcription in the presence and absence of
he M2-1 transcription factor in a plasmid-initiated intra-
ellular assay. This analysis demonstrated that point
utations in regions of the signal that are variable in
ature indeed have a strong effect on the efficiency of
ermination. It also demonstrated the importance of
pacing between elements of the GE signal and of the
ength of the U tract. Interestingly, the effects of these
utations were greatly enhanced by the presence of the
2-1 protein, suggesting that this factor alters the poly-
erase such that it ignores suboptimal GE signals.
RESULTS
Alignment of the 20 GE sequences of strains A2 and
1, representing the two RSV antigenic subgroups A and
, respectively (Fig. 1), suggests that the GE signal is
omposed of three segments: a 5-nt “conserved” se-
uence (39-UCAAU-59, in negative sense); a 3-nt (or 4-nt,
n the case of NS1) AU-rich “middle” sequence; and a 4-
r 5-nt “poly(U)” tract. The pentanucleotide conserved
equence is identical in all of the GE sequences shown
n Fig. 1 with four exceptions: an A to U substitution in the
ourth position of the NS2 GE of both strains, an A to U
ubstitution in the fourth position of the P GE of strain B1,
nd an A to C substitution in the third position of the M
E of strain B1. Of these four exceptions to the consen-
us, the NS2 GE sequence is the only one that has been
ested in a minigenome system, where it terminated
ranscription with 60% the efficiency of the canonical
equence (Kuo et al., 1997). This result is consistent with
he importance of this nt, and most likely the entire
onserved region, in efficient termination.
In the present study, we investigated the effect of
utations in the middle and poly(U) regions, since these
ontain most of the naturally occurring variation between
he different RSV genes and among the RSV strains
equenced to date. We constructed (Fig. 2A) a tricistronic
SV minigenome (Fig. 2B) that contains the authentic
SV leader and trailer sequences flanking a CAT se-
uence that was divided into three genes, each under
he control of a separate pair of GS and GE signals. The
irst gene contained the first 215 nt of the CAT sequence
nd encoded an mRNA of 279 nt exclusive of poly(A) (Fig.
C). For the purposes of direct comparison by Northern
lot, we designed the second gene so that it encoded a
arger mRNA [549 nt, exclusive of poly(A)] that could be
eparated electrophoretically from mRNA1 (Fig. 2D), for a
297RSV GENE END SIGNAL FUNCTIONdirect quantitative comparison. Furthermore, the second
gene was designed so that it also contained a copy of
the first 215 nt of the CAT gene, and thus mRNA2 could
be detected by the same probe as mRNA1 and com-
pared directly. The third gene was designed from the
downstream end of the CAT sequence and would en-
code a small, 189-nt mRNA3. Detection of this mRNA
was unimportant and its sequence was not represented
in the radioactive probe, but the presence of this third
gene provided a size difference between the
readthrough of mRNAs 1 and 2 vs the antigenome. Thus,
all of the positive-sense species relevant to this study
could be monitored by a single Northern blot with a
single probe. The junction between genes 1 and 2 was
designed to be identical to that of the F/M2 junction of
FIG. 1. Comparison of the GE sequences (39 to 59, negative-sense) o
AF013254), representing antigenic subgroups A and B, respectively. T
(positions 1–5), the variable middle region (positions 6–8), and the pol
GE sequence. Naturally occurring nt assignments that would be predic
on the results presented in this report or from previous reports, are un
the parental sequence in the present mutagenesis study.RSV strain A2. In particular, the F GE signal contains theconsensus pentanucleotide conserved sequence, a mid-
dle region that contains only A and U as is typical of most
of the GE signals, and a minimal 4-nt poly(U) region. In
addition, this gene junction is represented in natural
infection by a clearly detectable RTh mRNA, as is typical
of the majority of the gene junctions.
Effects of point mutations in the middle segment
(GE positions 6, 7, and 8)
The 3-nt middle region is the most variable part of the
GE sequence. For example, 7 of the 10 GE signals of
strain A2 have unique trinucleotide middle region se-
quences, and there is comparable variability within strain
B1 and between the two strains (Fig. 1). Of the 20 middle
nes of RSV strain A2 (Accession No. M74568) and B1 (Accession No.
als are divided into three segments: the conserved pentanucleotide
ct (positions 9–12). In this report, nt 13 is also identified as part of the
e suboptimal for termination efficiency in the presence of M2-1, based
d. The GE sequence for the F gene of strain A2 shown at the top wasf the ge
he sign
y(U) tra
ted to b
derlineregions of the two strains, 14 are composed solely of A
C
o
w
t
d
298 SUTHERLAND, COLLINS, AND PEEPLESFIG. 2. Diagram of the tripartite minigenome KAS10 used to analyze the GE sequence. (A) KAS10 was constructed as shown from a minigenome
41, which contains the CAT marker gene flanked by RSV GS and GE signals, and the RSV leader and trailer regions. C41 was modified by (i) insertion
f a gene junction at the indicated NcoI site, which segregated nt 520–657of the CAT gene into a separate downstream gene, and (ii) insertion of a
second copy of nt 1–215 of the CAT gene preceded by the RSV F/M2 gene junction into the indicated BstEI site, which created two more small genes,
each containing a copy of CAT nt 1–215 so that a single probe could detect each of the two encoded mRNAs. (B) Structure of minigenome KAS10,
showing the three genes each under the control of a separate set of RSV GS and GE signals and separated by the indicated 46-nt F/M2 or 1-nt N/P
intergenic (IG) sequence of strain A2. The mutagenesis described in this report involved the GE signal of gene 1, which is the naturally occurring F
GE signal of strain A2. (C) Diagram of the positive-sense monocistronic and dicistronic mRNAs and the antigenome encoded by KAS10, with the nt
lengths indicated. The transcripts marked in bold would all be detected by the negative-sense 32P-riboprobe shown in D. (D) Diagram of the
32P-labeled negative-sense riboprobe, which included nt 1–520 of the CAT gene. As shown, the upstream half of the probe would hybridize to mRNA1,
hile the entire probe would hybridize to mRNA2. Since the probe would be rapidly fragmented (dotted lines) by radiolysis following synthesis, only
he upstream segments would hybridize to mRNA1, an important consideration for the quantitation of mRNA1 relative to the other mRNAs, as
escribed in the text.
299RSV GENE END SIGNAL FUNCTIONand U. The remaining six contain single G residues, most
frequently in the first position. None contains a C resi-
due.
We examined the effect on transcription of single-nt
changes in the middle region of the F GE sequence
within the tricistronic minigenome. Parental and mutant
minigenome plasmids were transfected individually with
RSV N, P, and L support plasmids into vTF-7-infected
HEp-2 cells. A parallel set of transfections was per-
formed in which the M2-1 support plasmid was included
in the transfection mix. After a 40 h incubation to allow
reconstituted RSV RNA replication and transcription, to-
tal intracellular RNA was extracted and analyzed by
Northern blot (Fig. 3), hybridized with a negative-sense
riboprobe (Fig. 2D). To compare the amounts of each
mRNA, the phosphorimager value was divided by a fac-
tor reflecting the length of the segment of probe that it
would bind, based on the idea that the full-length probe
would quickly be fragmented to long oligonucleotides by
radiolysis. An mRNA2 molecule would bind segments of
the probe that would total twice as much as a molecule
of mRNA1 since mRNA2 has approximately twice as
much sequence corresponding to the probe (520 nt com-
pared to 215 nt of mRNA1). Using the same logic, a RTh
molecule would bind three times as much probe as
mRNA1. Therefore, the phosphorimager values for
mRNA2 were divided by 2, and the values for RTh RNA
were divided by 3. The “% termination” at the GE signal of
FIG. 3. Transcription termination at a GE signal modified by single nt
substitutions in the middle region (GE positions 6–8). The F GE signal
present at the end of the first gene in the tricistronic minigenome
KAS10 was modified by single nt substitutions, indicated in bold. The
resulting panel of mutant minigenomes (lanes 2–10) was tested in
parallel with parental KS10 (lane 1) for the ability to produce mRNA1,
mRNA2, RTh mRNA, and antigenome in HEp-2 cells in the absence (A)
or presence (B) of M2-1, as described in the text. RNAs were detected
by Northern blot with the negative-sense probe described in Figs. 2C
and 2D. The results are from one experiment that is representative of
three independent transfections. The efficiency of termination was
calculated as described under Materials and Methods. Lane 1 in both
panels was moved from the right side of the blot to the left side of the
figure to make comparison easier in this figure and in Figs. 4–7.the first gene was then determined by dividing the nor-malized amount of monocistronic mRNA1 by the sum of
the normalized values of mRNA1 and its RTh mRNA.
In the absence of M2-1 (Fig. 3A) the naturally occurring
F GE signal, containing AUA as its middle region, termi-
nated transcription very efficiently, such that 98% of the
gene 1 transcript was present as monocistronic mRNA1
and 2% was present as the RTh mRNA (lane 1). Each of
the point mutations in the middle region had little or no
effect on the efficiency of termination under these con-
ditions, indicating that the middle segment was surpris-
ingly tolerant of any nt substitution at any of its three
positions. The only discernible effect was observed
when the A in position 8 was replaced with a G (lane 8),
which marginally decreased the efficiency of termination
from 98 to 93%.
Next, the same panel of mutant minigenomes was
evaluated in the presence of M2-1 (Fig. 3B). In the pres-
ence of M2-1, the efficiency of termination at the naturally
occurring F GE signal of the first gene dropped from 98
to 79% (Fig. 3B, compare A and B, lane 1), consistent with
the previously reported site-specific antitermination role
of M2-1 (Fearns and Collins, 1999; Hardy et al., 1999;
Hardy and Wertz, 1998). Mutations that involved substi-
tution of U with A, or vice versa, had little or no further
effect on the efficiency of termination (Fig. 3B, lanes 3, 7,
and 9), suggesting that A and U are interchangeable in
these positions. In contrast, changing any one of the
three middle segment nt to G decreased the efficiency of
termination from 79 to 46, 64, or 24% in the presence of
M2-1 (Fig. 3B, lanes 2, 5, and 8), in contrast to the high
level of termination observed for the same mutations in
the absence of M2-1 (Fig. 3A, lanes 2, 5, and 8). These
results indicate that a G in either position 6 or 7, while
inhibiting termination, does not block it completely. The
effect of G in position 8 was more severe, preventing
nearly all termination. The most striking observation,
however, was that these inhibitory effects were depen-
dent on, or greatly augmented by, the presence of the
M2-1 protein.
Similarly, whereas replacement of any middle segment
nt with C had little or no effect in the absence of M2-1
(Fig. 3A, lanes 4, 6, and 10), termination was strongly
inhibited in the presence of M2-1. For example, C at
positions 6 or 8 (Fig. 3B, lanes 4 and 10) reduced the
efficiency of termination to 27% and thus was as inhibi-
tory as G at position 8. Changing the U at position 7 to C
was slightly better tolerated, with a termination efficiency
of 48% (lane 6). These results are consistent with the
absence of C in the middle segment of any of the 20
natural GE sequences (Fig. 1). In addition, position 7
appeared to be the most tolerant of the 3 nt in the middle
segment with regard to G or C substitution, allowing 64
and 48% termination, respectively (Fig. 3, lanes 5 and 6).
Thus, the sequence of the middle region of the GE signal
affected the efficiency of termination, but this effect de-
pended on coexpression of the M2-1 protein.
300 SUTHERLAND, COLLINS, AND PEEPLESSurprisingly, the inclusion of M2-1 as a support plas-
mid also inhibited antigenome synthesis (compare Fig.
3A to 3B). This inhibition of replication was not observed
in previous studies (Collins et al., 1996; Fearns and Col-
lins, 1999; Peeples and Collins, 2000). While the ob-
served inhibition of replication may be artifactual, per-
haps due to excess or limiting amounts of M2-1 or
polymerase, these results indicate that this issue should
be reexamined.
Effect of changes in the length of the middle segment
(GE positions 6, 7, and 8)
The 3-nt length of the middle segment is conserved in
all of the GE sequences except for NS1, in which it is 4
nt long. Similar to the NS2 GE, described above, the NS1
GE has been found to terminate transcription with 60%
the efficiency of the others in the presence of M2-1 (Kuo
et al., 1997), suggesting that the 3-nt length of the middle
region is important for termination. To directly test the
importance of the length of the middle region, 1 or 2 nt
were deleted from the F GE signal. In the absence of
M2-1 (Fig. 4A), deletion of 1 nt (lane 2) reduced the
efficiency of termination from 94 to 75%, whereas dele-
tion of 2 nt completely prevented termination (lane 3).
Interestingly, in the presence of M2-1, the inhibitory effect
associated with the single-nt deletion was greatly in-
creased, providing another example of a mutation that
was moderately inhibitory to termination in the absence
FIG. 4. Transcription termination at a GE signal modified by deletions
within the middle region. The F GE signal at the end of the first gene of
the tripartite minigenome KAS10 was modified by the deletion of 1 or 2
nt (asterisks) from the middle region. Minigenomes were tested as
described in the legend for Fig. 3. The results are from one experiment
that is representative of three independent transfections. Panel 1, lane
2 was inserted from an alternative exposure of the same blot.of M2-1 but was strongly inhibitory in its presence.To determine the effect of an increase in the length of
the middle region, one, two, or three A residues were
inserted between the 3-nt middle region and the poly(U)
tract. In the absence of M2-1, the addition of a single A
(Fig. 5A, lane 2) decreased transcription termination
slightly, from 93 to 86%. However, the addition of two or
three A residues eliminated termination. In contrast,
when M2-1 was included in the transfection, the addition
of even a single nt was almost completely inhibitory (Fig.
5B, lane 2).
Taken together, these results indicate that length of
the middle region of the GE signal is important for effi-
cient termination, suggesting that it might play a spacer
function. Interestingly, the functionality of the GE signal
was tolerant of a single-nt decrease or increase when
assayed in the absence of M2-1, whereas any change in
length was nearly completely inhibitory in its presence.
Effect of changes in the length of the poly(U) region
(GE positions 9–12)
The shortest poly(U) segments among the RSV GE
sequences are composed of four U residues (Fig. 1), as
is the case for the F GE signal under analysis here. The
others (12/20) are five residues in length, not counting U
residues that are present in the middle segment since
the preceding results suggest that they likely serve pri-
marily a spacer function. The poly(U) tract is thought to
encode the poly(A) tail by stuttering (Introduction) and
FIG. 5. Transcription termination at a GE signal modified to increase
the length of the middle region. One, two, or three A residues were
added to the middle region of the F GE signal (lane 1) of gene 1 in the
tripartite minigenome. The added residues are marked in bold. Minig-
enomes were tested as described in the legend for Fig. 3. The results
are from one experiment that is representative of three independent
transfections. A, lane 2 was inserted from an alternative exposure of
the same blot.
m301RSV GENE END SIGNAL FUNCTIONalso is essential for termination (Barr et al., 1997; Hwang
et al., 1998; Rassa et al., 2000).
To determine the minimal number of U residues
needed for termination, single U residues were deleted
sequentially from the poly(U) segment of the F GE of the
first gene of the minigenome (Fig. 6). In the absence of
M2-1, deletion of a single U had no effect on termination
(Fig. 6A, lane 2), but deletion of two or more U residues
prevented termination (Fig. 6A, lanes 3–5). In the pres-
ence of M2-1, deletion of even one U severely inhibited
termination (Fig. 6B, lane 2).
It was of interest to determine whether mRNA1 pro-
duced from the 3U poly(U) tract mutant in the absence of
M2-1 was polyadenylated. Therefore, the experiment
was repeated for the 4U and 3U minigenomes (Fig. 6C)
and the ability of the positive-strand RNAs to bind to
oligo(dT) was assayed. The antigenome appeared only
in the unbound fraction, while a portion of mRNA1 and
mRNA2 bound to the oligo(dT), confirming that binding
under these conditions requires poly(A). The mRNA2
produced by both minigenomes bound to oligo(dT) with
similar efficiencies, 56 and 61% (Table 1). The mRNA1
produced by the 3U poly(U) tract mutant also bound to
the oligo(dT), though slightly less efficiently than the
mRNA1 from the 4U minigenome (46 compared to 53%).
This result indicates that the mRNA1 produced by the 3U
FIG. 6. Transcription termination at a GE signal modified to decrease
poly(U) region of the F GE (lane 1) of gene 1 in the tripartite minigenom
tested as described in the legend for Fig. 3. The results are from on
experiment shown in A, lanes 1 and 2 was repeated in C, lanes 1 and
et al., 1995) into bound (B) and unbound (U) fractions.mutant was polyadenylated. The slightly lower bindingefficiency of mRNA1 from the 3U mutant might reflect
shorter poly(A) tracts on these mRNAs. The mRNA in the
bound fraction migrated slightly less rapidly compared to
the unbound fraction, confirming the separation of poly-
adenylated (longer) mRNAs from nonpolyadenylated
mRNAs.
To examine the effect of a longer poly(U) segment on
transcription termination, U residues were sequentially
added to the poly(U) segment. In the absence of M2-1,
termination was already very efficient, so that increasing
the length of the poly(U) tract had no discernible effect
(Fig. 7A). In the presence of M2-1, lengthening the poly(U)
tract to five residues increased termination efficiency
from 68 to 87% (Fig. 7B, lane 2). Interestingly, this indi-
cates that the naturally occurring version of the F GE
signal is not optimal for termination in the presence of
ngth of the poly(U) region. One, two, three, or all four U residues in the
removed. Deletions are marked with an asterisk. Minigenomes were
riment that is representative of three independent transfections. The
se RNAs were also separated by oligo(dT) chromatography (Grosfeld
TABLE 1
Polyadenylation of mRNA1 from a Minigenome with a
3U Poly(U) Tract, in the absence of M2-1
UUUU UUU*
RNA2 56a 61
mRNA1 53 46
a Percentage RNA bound to oligo (dT) cellulose.the le
e were
e expe
2. TheNote. Quantification of data in Fig. 6C.
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302 SUTHERLAND, COLLINS, AND PEEPLESM2-1. Further increases in the length of the poly(U) tract
had no greater effect and appeared to result in some-
what less efficient termination (77 to 82%), though still
greater than the four U sequence. It appears, then, that a
U tract of four residues is adequate to terminate tran-
scription, but a U tract of five is maximally efficient in the
presence of M2-1 (as would be the case in RSV-infected
cells).
Effect of substitution of the residue (position 13)
immediately following the minimal, 4-nt poly(U) tract
If a U in the position immediately downstream of the
minimal 12-nt GE signal affects termination efficiency,
other nucleotide assignments might also do so. In those
native GE sequences that terminate with a 4-nt U tract,
the most frequent nt to follow the poly(U) tract is G (4/8),
then C and A (2/8 each). To test the possibility that this
downstream position might affect termination efficiency,
the native G was changed to A or C, or to U, as in Fig. 7.
In the absence of M2-1, termination was very efficient no
matter what nt followed the poly(U) tract (Fig. 8A). In the
presence of M2-1, a C in this position supported termi-
ation as efficiently as G, 73%, but A was less efficient,
8% (Fig. 8B). Again, a U in this position was most
fficient, allowing 88% termination. This result confirms
he importance of the nt in position 13 and indicates that
FIG. 7. Transcription termination at a GE signal in which the length of
he poly(U) tract was increased. One, two, three, or four U residues
ere added to the poly(U) region of the F GE of gene 1 in the tripartite
inigenome. The total number of U residues in the poly(U) region are
ndicated above the lanes, relative to the four U residues in the F GE
equence (lane 1). Minigenomes were tested as described in the
egend for Fig. 3. The results are from one experiment that is repre-
entative of three independent transfections. A, lane 2 was inserted
rom an alternative exposure of the same transfection and the same
el.n A in this position lowers termination efficiency andonfirms that a U in this position enhances termination.
e therefore consider the RSV GE signal to be 13 nt in
ength, since either a U or an A in this position altered the
fficiency of transcription.
ffect of M2-1, and of GE mutations, on transcription
f the second, downstream gene
Minigenomes with the wild-type F GE signal produced
oth mRNA1 and mRNA2 in the presence and absence
f M2-1, but their relative amounts differ. Under all con-
itions, less mRNA2 was produced than mRNA1 by the
ild-type, consistent with the polar nature of transcrip-
ion (compare Fig. 3B to 3A, lane 1, and the similar control
anes in the other blots). The same is true for mutants
hat retain the AU-rich nature of their GE middle region
compare Fig. 3B to 3A, lanes 3, 7, and 9). These data are
uantified in Table 2. M2-1 appears to enhance expres-
ion of this second gene by 1.5- to 3.8-fold. This enhance-
ent probably reflects the antitermination activity of
2-1: more of the mRNA2 transcription starts would be
aken to completion in the presence of M2-1.
Whereas the wild-type minigenome always produced
ess mRNA2 than mRNA1, this was not the case for
ertain of the GE mutants in the absence of M2-1. Spe-
ific striking examples include (Table 2) mutations that
hortened the middle region to 1 nt (Fig. 4A, lane 3),
engthened the middle region to 5 nt or more (Fig. 5A,
anes 3 and 4), or shortened the poly(U) tract to 2 nt or
ewer (Fig. 6A, lanes 3, 4, and 5). The most striking
FIG. 8. Transcription termination at a GE signal where substitutions
have been introduced into the first position immediately downstream of
the poly(U) tract. The junction between genes 1 and 2 of the tripartite
minigenome were modified so that the G residue that immediately
follows the F GE signal of gene 1 was changed to A, C, or U (bold).
Minigenomes were tested as described in the legend for Fig. 3. The
results are from one experiment that is representative of three inde-
pendent transfections.
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303RSV GENE END SIGNAL FUNCTIONaccumulation of mRNA2 without mRNA1 occurred in the
absence of the M2-1 protein. However, a similar pattern
occurred in the presence of M2-1, but in this case the
RTh product was more prevalent as found with other GE
mutants, above. These results demonstrate that correct
termination and polyadenylation of the upstream gene is
not necessarily a requirement for reinitiation at the next
downstream gene.
DISCUSSION
The GE sequence is different for nearly every gene
and is an excellent candidate to affect the relative level
of transcription termination of the various RSV genes,
which in turn would affect the synthesis of each mono-
cistronic mRNA, its RTh counterparts, and the down-
stream mRNAs. Previous studies have demonstrated
that the native GE sequences do vary in their efficiency
of termination (Hardy et al., 1999; Kuo et al., 1997), and in
heir sensitivity to the antitermination effects of M2-1
Hardy et al., 1999). However, in most cases these stud-
es involved comparing gene junction sequences in toto,
ncluding the GE, IG, and GS sequence, and thus differ-
nces could not be reliably ascribed to any particular
tructural feature within the junction. Here we have sys-
ematically manipulated the F GE signal without chang-
ng its context.
When aligned, the native GE sequences appear to
ave three separate components: a conserved 5-nt se-
uence (UCAAU); a 3-nt AU-rich sequence, unique
mong the negative-strand virus groups; and a 4- to 5-nt
oly(U) sequence (Fig. 1). The importance of the con-
erved region in termination is supported by a natural
utation in the NS2 GE and its resultant inefficient ter-
ination (Hardy et al., 1999; Kuo et al., 1997) and by a
T
Effect of M2-1 on Transcript
Figure
Lane
3
1 3 7
(2) M2-1
mRNA2b 45 29 32
mRNA1 201c 109 114
2/1d 0.22 0.27 0.28
(1) M2-1
mRNA2 32 37 48
mRNA1 67 68 110
2/1 0.48 0.54 0.44
2/1 (1) M2-1 e/2/1 (2) M2-1 2.18 2.00 1.57
a Data from Figs. 3–8.
b Phosphorimager units for mRNA2 were divided by 2 since mRNA2
c Phosphorimager units.
d Amount of mRNA2 relative to mRNA1.
e mRNA2 production (1) M2-1 relative to (2) M2-1. Average 5 2.38ecent deletion and mutagenesis study (Harmon et al., t001) that was published while the present report was
eing prepared. In the present study, we investigated the
ffect of changes in nt assignment and nt length in the
iddle and poly(U) regions, since this is where most of
he naturally occurring variation is found.
Previous studies (Hardy et al., 1999; Kuo et al., 1997)
dentified the 12-nt minimal GE signal that contains a four
poly(U) tract. Here, we demonstrated that the addition
f a fifth U to the poly(U) tract enhanced termination
fficiency, suggesting that this nt in position 13 should
lso be included in the complete GE sequence. The
nhibitory effect of placing an A residue in position 13
urther indicates that this position should be considered
s part of the GE sequence. The complete GE sequence
ould then be 13 nt in length. None of the mutations in
he parental F GE signal enhanced termination in the
resence of M2-1, aside from this addition of a U to the
nd of the GE. It may be noteworthy that the F GE is
uboptimal even though this single nt change would
ave improved it. Perhaps it has remained suboptimal to
ower the expression of the downstream M2 mRNA or to
eliver more polymerase to the L gene, or both.
We have identified many mutations that reduce the
fficiency of termination. Many of these point mutations
esulted in sequences resembling those found in nature,
uggesting that these natural variants are likely to influ-
nce the process of transcription termination and se-
uential transcription during virus infection. Only 5 out of
0 natural GE sequences are optimal according to the
riteria identified in this report: the five conserved nt; a
-nt A/U middle region; and five U residues in the poly(U)
ract. However, it is not clear whether a suboptimal nt
underlined in Fig. 1) at one position in the GE will have
he same negative effects in all contexts. For instance,
RNA2 Relative to mRNA1a
4 5 6 7 8
9 1 1 1 1 4
8 16 52 46 30 62
1 44 124 78 88 294
0.35 0.36 0.42 0.59 0.34 0.21
4 81 369 288 51 379
7 75 344 328 56 304
0.85 0.92 0.93 0.87 1.09 0.80
2.42 2.60 2.20 1.47 3.2 3.8
bind approximately twice the amount of probe (see Figs. 2C and 2D).
.ABLE 2
ion of m
2
8
7
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wouldhe N GE of strain B1 contains the strongly negative G
304 SUTHERLAND, COLLINS, AND PEEPLESresidue in the middle region, but also contains a 5-nt
poly(U) tract which might ameliorate the negative effect
of the G. On the other hand, three GE sequences in each
strain have combinations of termination-inhibiting se-
quences: NS1, NS2, and L from strain A2; and NS2, P, and
M from strain B1. It is reasonable to anticipate that the
presence of multiple “suboptimal” assignments might
further compromise transcription termination following
these genes.
As this manuscript was being prepared, Harmon et al.
(2001) reported a study of the RSV M GE by mutagenesis
that has overlap with the present study except that all
experiments were performed in the presence of M2-1.
The two studies are in agreement on the requirement for
a 3-nt middle region and the inhibitory effect of a G
residue in this region and agree on the position of the
poly(U) tract and the optimal nature of a 5-nt poly(U) tract.
Their results were different in that the sixth nt of the M
GE could not be changed from U without inhibiting ter-
mination, whereas we showed that this position is rela-
tively flexible to substitution. Indeed, the naturally occur-
ring F GE signal that we studied has an A in this position,
and changing this A to a U actually had a slight negative
effect on termination. A G residue in this position was
more inhibitory, but still functional. Furthermore, many of
the natural GE sequences (9/20) have an A residue at
this position, and others (4/20) have a G at this position.
Thus, the apparent importance of this position is not a
general rule and more likely is specific to the particular
configuration of the M GE signal that they studied. The
idea that nt assignments at other positions can influence
the effect of individual substitutions indicates that cau-
tion must be taken in making firm conclusions regarding
the importance of any particular individual assignment.
Our data were in agreement that the seventh nt of the GE
is the most flexible in the middle region, even accepting
a G or C, and that the last position of this region was the
least tolerant of a G or C substitution. In addition, they
formally confirmed the importance of the conserved re-
gion by deletion, which resulted in the predicted
readthrough. Surprisingly, however, they found that the
first nt of the conserved region, which is invariably U in
the natural GE sequences, could be changed to any of
the other nt without affecting termination, at least in that
particular GE signal.
The most surprising finding of the present study was
that the effect of various GE mutations on the efficiency
of termination was dependent upon, or greatly aug-
mented by, coexpression of the M2-1 protein. This M2-1
dependence included mutations of all types, namely: (1)
nt substitutions, such as substitution of G or C in the
middle region, a situation that occurs naturally in 6 of the
20 GE signals in Fig. 1; (2) length increases, such as
increasing the length of the middle region to 4 nt, which
occurs naturally in 2 of the 20 GE signals shown in Fig.
1; and (3) length decreases, such as decreasing thelength of the middle region to 2 nt or the poly(U) tract to
3 nt. As examples of the magnitude of the effect, the
mutation of the A residue in position 6 to either C or G
had no effect or a modest effect on termination in the
absence of M2-1, whereas in the presence of M2-1 the
efficiency of termination dropped from 79 to 46 and 27%,
respectively. As a second example, increasing the length
of the middle region by 1 nt reduced termination from 93
to 86% in the absence of M2-1, but from 54 to 10% in its
presence. As a third example, decreasing the length of
the poly(U) tract to three had no effect in the absence of
M2-1, but reduced termination from 67 to 19% in its
presence.
This M2-1 dependence also involved each of the three
regions analyzed in this work, namely the middle region
(nt 6–7), the poly(U) region (nt 8–12), and position 13.
Certain mutations in each of these regions affected ter-
mination both in the presence and in the absence of
M2-1, indicating that each of these GE regions is recog-
nized by the polymerase whether M2-1 is present or not.
However, the greater sequence and spacing flexibility in
the absence of M2-1 indicate a somewhat different in-
teraction with the RSV transcriptase. It will be of interest
in future work to determine whether the M2-1 effect also
applies to mutations in the conserved pentamer. A model
for the M2-1 effect might have the GE signal as a knob
that causes the polymerase to stop, stutter, and release
its mRNA, then fall off or reinitiate. M2-1 would be the
grease that helps get it past the knob without stopping.
A mutation that makes the knob “smaller” would allow the
polymerase to slide past it more easily, and more easily
still if M2-1 is added.
Two previous minigenome studies have examined the
termination efficiency of the natural GE sequences in the
presence of M2-1. Kuo et al. (1997) found that only the
NS1 and NS2 GE sequences displayed obviously de-
creased termination efficiency. Hardy et al. (1999) con-
firmed the inefficiency of the NS1 and NS2 GE se-
quences and found that the natural GE sequences varied
greatly, from 20 to 95%, in their termination efficiency.
While their study highlighted variations in termination
efficiencies, such a wide range has not been observed in
RSV-infected cells analyzed by similar metabolic labeling
methods (Collins and Wertz, 1983).
In the presence of the M2-1 protein, many of the GE
mutations increased readthrough at the mRNA1 GE, con-
comitantly reducing expression of both mRNA1 and
mRNA2, as expected. However, when analyzed in the
absence of M2-1, some of these mutants produced large
amounts of mRNA2 despite the loss of mRNA1 (Table 3).
It seems unlikely that the polymerase enters the genome
directly at the gene 2 GS, since internal polymerase entry
was specifically examined in the presence of M2-1 in a
previous study and was not detected (Kuo et al., 1996).
However, we cannot rule out the possibility that indepen-
dent entry at the second gene might occur in the ab-
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305RSV GENE END SIGNAL FUNCTIONsence of M2-1, or if the second gene is close to the
promoter due to a short first gene, as is the case here.
An alternative explanation is that a substantial fraction
of the polymerase molecules did terminate transcription
at these mutant GE sequences but failed to polyadenyl-
ate mRNA1. The newly terminated polymerase would be
available to reinitiate at the nearby downstream GS sig-
nal, producing mRNA2. The nonpolyadenylated mRNA1
would be expected to be unstable (Gray and Wickens,
1998; Kuo et al., 1996), resulting in low accumulation.
nterestingly, all of the mutants with this phenotype have
ess than three U residues in the proper poly(U) tract
osition, the minimum required for mRNA1 accumulation
n the absence of M2-1 (Fig. 6A). The 3U residues are
ufficient to signal polyadenylation (Fig. 6C), thereby sta-
ilizing mRNA1, whereas two U residues may not be
ufficient to signal polyadenylation, and mRNA1 would
e degraded. Whatever the explanation, the finding that
number of GE mutants expressed mRNA2 efficiently in
he absence of mRNA1 indicates that initiation at the
econd gene can occur in the absence of correct termi-
ation and/or polyadenylation of the first gene.
MATERIALS AND METHODS
lasmid construction
The tricistronic minigenome KAS10 plasmid used in
his study was constructed from the previously described
41 minigenome plasmid (Fearns and Collins, 1999;
rosfeld et al., 1995). C41 contains the authentic 44-nt
SV leader, the 10-nt NS1 GS, the first 32 nt of the NS1
ntranslated region, a 657-nt insert containing the CAT
pen reading frame and flanking restriction sites, the last
2 nt of the L gene untranslated region, the 12-nt L GE,
nd the 155-nt trailer sequence. The CAT insert was
T
Examples in which the Accumulat
Figure
Lane
4
1b 2 3 1 2
(2) M2-1
RThc 5 3 27 5 8
mRNA2d 27 88 73 28 41
mRNA1 68 9 0 67 51
(1) M2-1
RTh 20 71 80 29 59
mRNA2 38 21 17 37 40
mRNA1 42 7 3 34 1
a Quantification of data from Figs. 4–6. Values represent phosphorima
ivided by the total units in the track.
b Control lanes are bold.
c Phosphorimager units for RTh were divided by 3 since RTh would
d Phosphorimager units for mRNA2 were divided by 2 since mRNA2ivided into three RSV transcriptional units as followsFig. 2A). A synthetic oligonucleotide duplex containing
he N/P gene junction sequence (12-nt N GE signal; 1-nt
G; and 10-nt P GS signal) was inserted at the NcoI site
f the CAT gene to generate MP28 (Fearns et al., 2001).
his insert segregated the downstream end (nt 520–660)
f the CAT gene into a separate downstream gene. We
hen amplified the first 215 nt of the CAT insert by PCR
sing mutagenic oligonucleotides that placed a copy of
he F/M2 gene junction at the upstream end of the PCR
roduct and BstEI sites on both ends. The forward PCR
rimer was: 59-CTAGtccggaCTCGAGAGTTATATAAAA-
ACAATTGCATGCCAGATTAACTTACCATCTGTAAAAATG-
AAACTGGGGCAAATGCTAGCATGGAGAAAA-39 (BstEI
site in lowercase, F GE signal in bold, F/M2 IG in italics,
M2 GS signal underlined, ending with the first 10 nt of the
CAT ORF). The reverse PCR primer, 59-GGAAATCGTC
GTGGTATTCA-39, was complementary to the CAT insert,
downstream from the BspEI site. This PCR product was
digested with BspEI and inserted into the BspEI site in
MP28. The resulting minigenome, KAS10 (Fig. 2B), would
encode a series of monocistronic and RTh mRNAs and
the antigenome (Fig. 2C), all of which can be distin-
guished by gel electrophoresis. The presence of the CAT
nt 1–215 sequence in mRNAs 1 and 2 allows detection
with a single riboprobe (Fig. 2D).
All of the GE mutations described in this report were
made in the F GE signal of the first gene in the
tricistronic minigenome. As described above, this
gene junction is a copy of the naturally occurring F/M2
junction of strain A2. None of the nt upstream or
downstream from this sequence are native. Mutants
were generated by a whole plasmid amplification pro-
tocol (Byrappa et al., 1995; Hu and Gupta, 2000). All
mutants were confirmed by sequencing with Thermo-
mRNA2 Exceeds that of mRNA1a
6
4 1 2 3 4 5
21 0.2 0.3 20 22 21
79 38 79 78 75 77
0 62 20 2 3 1
79 21 60 68 66 64
20 37 22 30 24 21
0.4 42 18 2 10 14
its in each track normalized for the portion of the probe that could bind,
pproximately three times the amount of probe (see Fig. 2).
bind approximately twice the amount of probe (see Fig. 2).ABLE 3
ion of
5
3
27
73
0
79
17
4
ger un
bind asequenase (U.S. Biochemicals).
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306 SUTHERLAND, COLLINS, AND PEEPLESTransfection
HEp-2 cells were maintained in DMEM, 10% fetal bo-
vine serum (FBS) at 37°C, 5% CO2. Each well of a six-well
late containing HEp-2 cells was transfected with a mix-
ure of plasmids containing the minigenome (0.2 mg) and
he three support genes, N (0.4 mg), P (0.2 mg), and L (0.1
mg), and infected with recombinant vaccinia virus, vTF7-1
(provided by T. Fuerst and B. Moss) (Fuerst et al., 1986)
xpressing T7 polymerase, as described previously
Fearns et al., 2000). To initiate minigenome replication,
he negative-sense minigenome RNA was produced by
7 polymerase, provided by a vTP7-1. The support genes
ere similarly transcribed. The M2-ORF1 (M2-1) ex-
ressing plasmid (0.1 mg) was included as indicated. To
educe cytopathology caused by vaccinia, Ara C (10
mg/ml) was added throughout and cells were incubated
at 33°C. At 40–48 h posttransfection, the cells were
harvested to Eppendorf tubes, resuspended in PBS, and
the RNA extracted with 0.5 ml Trizol (Life Technologies).
RNA pellets were air dried, resuspended in DEPC-
treated water, heated at 65°C for 10 min, vortexed, and
stored at 220°C.
Northern blot hybridization
RNA samples were electrophoresed on a 1.5% aga-
rose gel containing 0.44 M formaldehyde, transferred to
Nytran Plus (0.2-m pore size) membranes (Schleicher &
Schuell, Keenes, NH) in a Turboblotter (Schleicher &
Schuell) with 8 mM NaOH as buffer overnight at room
temperature, neutralized in 63 SSC for 5 min, dried, and
fixed by UV cross-linked in a Stratalinker (Stratagene).
[32P]RNA riboprobe was prepared by in vitro T7 polymer-
se transcription in the presence of [32P]CTP, as de-
scribed previously (Fearns et al., 1997). XbaI-digested
325 minigenome (Peeples and Collins, 2000) was used
s template, generating a 520-nt negative-sense RNA
robe from the NcoI to XbaI sites of C41. This probe was
ybridized to Northern blots in 63 SSC, 53 Denhardt’s
solution, 0.5% SDS, and 200 mg sheared DNA per ml at
65°C for 15 h. The blots were washed four times with
wash buffer (23 SSC, 0.5% SDS) at 65°C, exposed to a
phosphorimage screen for 15 h, or to BioMax film
(Kodak). Phosphorimager analysis was performed on a
STORM phosphorimager (Molecular Dynamics). The per-
centage termination for mRNA1 was calculated using the
equation: mRNA1 4 (mRNA1 1 1/3 RTh) 3 100. The term
1/3 RTh” was used because the readthrough mRNA
ould have approximately three times the length of tar-
et sequence recognized by the 32P-riboprobe, as shown
in Fig. 2.
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